A model to predict the accumulation of soluble microbial products (SMP) in anaerobic chemostats during steady-state and transient conditions is presented in this paper. The model incorporates the concept of production and degradation of extracellular polymeric substances (EPS or ECP) as part of SMP, and was used to predict SMP production during hydraulic and organic shock load experiments in anaerobic continuously stirred tank reactors (CSTRs). For most variables the model predicted reasonably well the shock loads, and the best-fit values of the main parameters provided valuable information on the types of SMP that predominate under particular culture conditions. According to the model, during steadystate conditions ∼58% of the SMP are utilization-associated products (UAP) whilst ∼42% are biomass-associated products (BAP) of which ∼7% are soluble EPS (sEPS). During the hydraulic and organic shock loads the importance of BAP and sEPS decreases and the UAP accounts for up to 95% of the SMP.
Introduction
It is well known that anaerobic reactors run under stressed (sub-optimal) conditions accumulate volatile fatty acids (VFA), and that VFAs mostly contribute to the residual soluble COD in the effluent under such conditions. On the other hand, under non-stressed conditions, there is no VFA accumulation and the effluent COD may be comprised of non-degraded feed material and soluble microbial products (SMP). Many researchers have shown that for anaerobic reactors fed on simple biodegradable feed like acetate or glucose, the SMP predominate in the effluent and dictate the soluble effluent COD. As a result, models that aim to predict the effluent COD in anaerobic and aerobic systems need to take into account the formation and degradation of SMP.
Rittmann et al. [1] proposed a model to describe the impact of sludge retention time (SRT) and organic loading on effluent SMP. The model assumed that the kinetics of degradation of SMP originating from substrate utilization (UAP) and biomass decay (BAP) were the same, and Kuo et al. [2] used that model to predict the accumulation of SMP in anaerobic chemostats. Noguera et al. [3] used radiolabelled glucose and acetate to follow the production of UAP and BAP in anaerobic chemostats, and by fitting their proposed mathematical model to experimental data they showed the importance of SMP formation and degradation in anaerobic systems. This model showed that most of the SMP accumulation corresponded to BAP, which is related to endogenous decay and has slower degradation rates compared to UAP, and suggested that the decrease in acidogenic biomass was due to SMP formation rather than oxidation to carbon dioxide.
Barker and Stuckey [4] further developed the model of Noguera et al. [3] to account for the production of UAP and BAP from methanogenic microorganisms, as well as for the degradation of UAP and BAP by acidogenic microorganisms. Barker and Stuckey [4] followed the degradation of different radiolabelled substrates in different reactors, and through the fitting of a mathematical model to radiolabelled data they obtained the bestfit for the parameters that represented the production (k 1 and k 2 ) and degradation (k uap and k bap ) of UAP and BAP, respectively.
From the experiments with different feed strengths, the bestfit suggested that the concentration of UAP increased with an increase in S 0 , whilst for BAP the opposite was observed. It was also found that the first-order constant for BAP degradation was lower than that for UAP, indicating that BAPs are more difficult to degrade and that at steady-state they should form the bulk of the SMP. These authors also carried out experiments with different feed compositions in different systems (fill-and-draw reactor and CSTR), and showed that the production of SMP is a complex phenomenon, and that the type of SMP that dominates in any particular system depends not only on the strength of the feed, but also on the composition of the feed and the type of reactor.
In 2004 Laspidou and Rittmann [5, 6] published a paper in which they propose a unified theory coupling the production and degradation of SMP with the formation of extracellular polymeric substances (EPS or ECP) for aerobic systems. Amongst the many assumptions the authors had to make, the unified theory proposes that: (i) SMP and soluble EPS are identical in systems in which hydrolysis is not important; (ii) bound EPS are hydrolyzed to form BAP, and the authors consider this the only significant source of BAP; (iii) the formation of bound EPS is growth-associated, and is produced in direct proportion to substrate utilization.
One weakness of the unified theory is that it assumes that all soluble EPS is both UAP and BAP, in other words, soluble EPS and SMP are the same. Ramesh et al. [7] put the unified theory to test and compared the physicochemical characteristics of the SMP and soluble EPS harvested from different sludges, and concluded that the results obtained could not support the hypothesis that SMP is identical to the soluble EPS. Besides EPS and its hydrolysis products, other soluble intracellular components may end up in the bulk solution due to renewal and turnover of internal structures, cell lysis, or as a result of survival strategies adopted by microorganisms [8] . For instance, there is evidence in the literature that some SMP may be deliberately excreted to play a role in quorum sensing (cell-to-cell communication), to pump unwanted metals out of the cell and ensure homeostasis through efflux systems, and to scavenge scarce metal nutrients, as demonstrated in aerobic bacteria which excrete siderophores during an 'iron crisis' [9] [10] [11] [12] [13] .
The few available data on EPS modeling shows that different strategies have been adopted to model its accumulation and this is mainly due to a lack of data regarding the kinetics of EPS production and degradation. Kreft and Wimpenny [14] developed a model of biofilm growth and considered that EPS production was described by a growth rate dependent and an independent term, whose rates and yields were given by Robinson et al. [15] . Horn et al. [16] modeling aerobic biofilms considered that the production of EPS was coupled to the growth of microorganisms. The authors adopted values of 1.4 gEPS/gX for Y EPS and 0.34 d −1 for K D EPS , which are the yield coefficient for EPS production and the rate of EPS degradation, respectively. In the model used by Kommedal et al. [17] to simulate EPS production in a chemostat, the authors did not consider the degradation of EPS, and growth and non-growth related specific formation rates of 0.18 gC EPS /gC cell h (∼4.3 d −1 ) and 0.03 h −1 (∼0.7 d −1 ) were estimated, respectively. In addition, the authors found that the exogenous (production from glucose) and endogenous EPS yields were 0.77 gC EPS /gC glu and 0.79 gC EPS /gC cell , respectively. Laspidou and Rittmann [18] also developed a model of biofilm density for aerobic systems, building on their unified theory [5, 6] , and considered that EPS production was proportional to the substrate utilization rate (K = 0.18 mgCOD EPS /mgCOD substrate ), and that EPS degradation followed a first order decay (k hyd = 0.17 d −1 ).
As SMP and EPS are microbially produced, and are not active cells, they represent a diversion of electrons and carbon that could otherwise be invested in cell yield and growth rate [5, 6] , hence ignoring SMP and EPS formation could lead to a general overestimation of true cellular growth rates. In addition, both SMP and the soluble component of EPS contribute to the residual soluble COD, and do, in many cases, set the lower limit for the effluent quality.
Therefore, the objective of this paper was to further develop the model proposed by Barker and Stuckey [4] by incorporating the concept of formation and degradation of EPS as suggested by Laspidou and Rittmann [5, 6] in their unified theory. In this study the parameters obtained by Barker and Stuckey [4] for steadystate anaerobic chemostats fed on glucose (10 g/L) were used to predict both steady-state and the transient conditions under organic and hydraulic shock loads. The model output was then compared with experimental data to verify whether the model could satisfactorily predict the accumulation of SMP observed during both steady-state and shock loads.
Model development
The mathematical model proposed here differs from that presented by Barker and Stuckey [4] in many ways. The proposed model incorporates the concept of formation and degradation of EPS, and allows for the quantification of the relationships between solid species (bacteria and bound EPS) and soluble components (UAP, BAP, soluble EPS, original substrate and intermediate products) during non-steady state conditions. In addition, it is assumed here that all electron donor utilization rates, i.e., the rate of utilization of glucose, acetate, UAP and BAP (r utsub , r utac , r utuap and r utbap ) are based on Monod kinetics. The model is for a single completely mixed reactor in which concentrations of all species are uniform; hence mass transfer resistances are not included. The model concept and framework are presented in Figs. 1 and 2 . Fig. 1 shows that the substrate entering the acidogenic/acetogenic biomass (X a ) can take different paths. The substrate is used for synthesis of biomass (path 1) which generates VFAs (path 8) and UAP (path 2). The biomass in turn produces bound EPS (path 3), undergoes endogenous decay (path 10), and releases cell lysis products (path 4). Bound EPS may be stripped off the cell or hydrolysed contributing to BAP formation (path 5), and it is considered here that both soluble EPS and cell lysis products are the sources of BAP. This is the main conceptual difference between this model and the unified theory proposed by Laspidou and Rittmann [5, 6] for aerobic systems. As discussed before in the unified theory, hydrolysis of EPS is considered the only source of BAP.
As far as methanogenesis is concerned, acetate is considered the main intermediate formed and used by methanogenic biomass (X m ), which also produces UAP, bound EPS, cell lysis products and the end products methane and carbon dioxide. Similarly to the models proposed by Laspidou and Rittmann [5, 6] , Fig. 2 . Structure of the model proposed in this study.
and by Barker and Stuckey [4] , this model includes the recycling of UAP and BAP (path 6 and 7) through their utilization by acidogenic biomass. It has also been assumed that the degradation of UAP and BAP by X a produces new X a and intermediate products (IP), but does not lead to the production of new UAP or BAP, and this assumption was also employed by different research groups [4] [5] [6] 19, 20] . Fig. 2 shows the structure of the model in terms of flow of electrons from the donor substrate (S). This structure is similar to that proposed by Barker and Stuckey [4] but it builds complexity since now the biomass (X a and X m ) uses part of the energy and carbon source to produce bound EPS which can be detached from the cell resulting in biomass loss and BAP formation. The model proposed is described by the following mass balance equations:
All rate utilization equations were formulated as a Monod type as shown by Eqs. (12)- (15) .
It can be seen in Eqs. (3) and (4) that the yield (Y sub ) of acidogenic/acetogenic biomass is decreased by a factor (1 − k 1 − k acet ) since part of the substrate electrons are diverted to the production of UAP (k 1 ) and intermediate products (k acet ) . Similarly, the yield (Y acet ) of methanogenic biomass is decreased by a factor (1 − k 1 ) since part of substrate electrons are diverted to UAP formation. For aerobic systems, Laspidou and Rittmann [5, 6] discounted the biomass yield by a factor (1 − k 1 − k EPS ) because they considered EPS not to be a part of the 'active biomass', where k EPS (M EPS /M x ) represents electron diversion towards EPS production. In the model proposed here EPS is part of the biomass, and biomass loss occurs only when the EPS is sloughed off the cell, or hydrolysed to become soluble, and this factor is accounted for by adding the terms −k EPS EPS X a and −k EPS EPS x m to Eqs. (3) and (4), respectively. Eqs. (7) and (8) show that the formation of EPS was not considered to be proportional to the substrate utilization rate as proposed by the unified theory of Laspidou and Rittmann [5, 6] , instead EPS was considered to be a non-growth-associated product. If EPS production was proportional to the rate of substrate utilization, EPS concentration would be unrealistically high during the transient conditions of organic shock loads, and experimental data obtained in our laboratory shows that this was not the case [21] . Since the kinetics of EPS hydrolysis are poorly characterized, a simple but reasonably reliable approach which employs a first-order relationship with respect to EPS, where the first-order hydrolysis rate coefficient is k hyd (T −1 ), was used according to the unified theory. It was assumed here that the rate of intermediate products formation (k acet ) from the degradation of UAP and BAP was the same as that from the degradation of the original substrate (Eq. (2)). In addition, it was assumed that the yield of acidogenic biomass (Y smp ) from the utilization of UAP was the same as BAP, and that Y smp was different from the biomass yield resulting from the utilization of the original substrate (Y sub ). This assumption was not employed by Barker and Stuckey [4] who considered the same acidogenic biomass yield for utilization of glucose, UAP and BAP, but was used by Laspidou and Rittmann [5, 6] .
To solve the model Eqs. (1)- (8) were discretized, and the solution marched forward in time with a small time step δt. The discretization of the equations was accomplished based on the following scheme:
and then
where A is a variable, B the time derivative of A, and δt is the time step. The superscript t indicates the value of variable A at time t, and t − 1 indicates the value of that variable at the previous time step, i.e., t − δt. If the model is run for a long period of time with constant input, all species eventually achieve steady-state conditions (see Fig. 3 ). For shorter times, or with changing input conditions, the model describes the system's transient response. The discretized model equations were solved using a spreadsheet (Microsoft Excel) with a time step of 0.01 d. For the steady-state simulation the HRT was fixed at 15 d, the initial substrate concentration (S 0 ) was 10 gCOD/L, and the model was run for 90 d (6 HRT's). For the organic shock load simulation the concentration of S 0 was suddenly changed so that an effluent concentration (S) of 4 gCOD/L was obtained, and during hydraulic shock simulation the HRT was made a variable and changed from 15 d to 7.5 d and then to 3 d. These conditions simulate the experiments with organic and hydraulic shock loads presented and discussed in Aquino and Stuckey [21] . Fig. 3 . Model output for steady-state conditions using parameter values presented in Table 1 . 
Results and discussion

Steady-state condition
The model was first run using the parameter values reported in the literature as shown in Table 1 . The parameter values were then adjusted slightly so that the model output during steadystate simulation (Fig. 3) fitted typical experimental data range, as presented in Table 2 .
Data on the kinetics of SMP formation and degradation is scarce in the literature, especially for anaerobic systems. As a result, the values of q uap , q bap , K uap and K bap used here were based on those used by Laspidou and Rittmann [5, 6] for aerobic systems. Table 1 shows that the values of K uap and K bap used here were higher than those used in the unified theory. However, the values used were the ones which better predicted the SMP concentration, and it is well known that K s values for anaerobic systems are much higher than for aerobic systems. The value of k EPS was adopted so that the model yielded at steady-state a ratio of bound EPS to biomass (bEPS/VSS) close to 0.3 which is the average ratio of protein-like EPS to biomass (bEPS p /VSS) obtained experimentally [21] . The value of k EPS that best fitted the experimental data was 0.03 d −1 , and as can be seen in Table 1 this value was very close to that determined by Robinson et al. [15] . As far as the hydrolysis of EPS was concerned it was not possible to determine the value of k hyd experimentally, and the value 0.17 used by Laspidou and Rittmann [5, 6] was first tried. This value proved to be too high since it resulted in high X m loss, and non-realistic IP accumulation. The initial value was then reduced to 0.03 d −1 which yielded better fit for the variables presented in Table 2 . The value of k hyd used suggests that 3% of the bound EPS (or 1% of VSS) was daily hydrolysed or shorn off the cell matrix to produced soluble EPS, and this is consistent with the findings of Sheng et al. [22] who found that 1.38% of the VSS was released as soluble EPS after 180 min shear at G = 800 s −1 . Fig. 3 shows the model predictions for steady-state; for most of the variables the prediction is in relatively good agreement with typical experimental values presented in previous chapters, and summarized in Table 2 . According to the model the predicted steady-state concentrations of SMP, VFA and residual substrate are 290 mgCOD/L, 30 mgCOD/L and 12 mg/L. In this scenario SMP would constitute 87% of the residual COD, whilst non-degraded substrate and VFAs would make up 9% and 4% of the residual COD, respectively, and this agrees well with experimental data [21] . In fact for most of the systems studied, VFAs and original substrate were not detected at steady-state; hence the model parameters could still be slightly modified by increasing the rate of substrate and VFA degradation. According to the model, at steady steate, 58% of the SMP should be due to UAP and 42% to BAP, and this is also in agreement with other researchers [3, 4] . The model suggests that bound EPS would constitute ∼25% of the volatile suspended solids (VSS), and that ∼3% of the bound EPS would lead to the formation of soluble EPS, and these are in agreement with experimental data [21] . According to the model, the soluble EPS would constitute ∼7% of the BAP and only 3% of the SMP since the main source of SMP would be products released into the bulk solution as a result of the metabolism of substrate (e.g. exoenzymes, siderophores, quorum sensing chemical), as well as from the renewal of cellular structures and cell aging (e.g. nucleic acids, structural proteins).
The model prediction for biomass concentration was not as good as for soluble components. Fig. 3 shows that at steadystate total biomass (as COD) should be ∼1200 mg/L, whilst Table 2 shows that the typical VSS concentration (as COD) is ∼25% higher. It should be emphasized that the model considers X t as the total amount of active biomass, and that the parameter VSS 'catches' everything that is suspended and volatile, i.e., active and inactive biomass as well as particulate matter (e.g. cell debris). Therefore, it is not surprising that the VSS concentration is actually higher than the concentration of X t predicted by the model. In addition, the model predicts a lower concentration of biomass at steady-state because the yield values (Y sub , Y smp and Y acet ) were decreased to account for the diversion of electrons for the formation of UAP and intermediate products.
Organic shock load
The organic shock load simulation was accomplished by suddenly increasing the initial concentration of substrate (S 0 ) so that an effluent substrate concentration (S) of ∼4000 mg/L was obtained, hence reproducing the experimental conditions presented in Aquino and Stuckey [21] . Fig. 4 shows the model output and the experimental data presented in Aquino and Stuckey [21] , for a glucose spike on day 5, and it can be seen that for most parameters the fitting was reasonably good. According to the model the concentration of glucose (S) should decrease rapidly and reach ∼8 mg/L just 5 h after the spike was made, and the experimental data shows that substrate degradation occurred at a slight slower rate (Fig. 4A) . The concentration of acetate should increase to a maximum of ∼1900 mgCOD/L by 8 h after the spike, and then steadily decrease to ∼9 mg/L after ∼4 d, whilst the experimental data shows that the VFAs reached its maximum (∼2000 mgCOD/L) 1 d after the spike, and took ∼7 d to return to steady-state levels.
One weakness of the model proposed here is that it considers that acetate is the main intermediate of the anaerobic process, and whilst this is true for steady-state conditions, under shock loads other intermediate compounds may be as important as, or even more important, than acetate. It can be seen in the data presented in Aquino and Stuckey [21] that the spike of glucose caused the accumulation of not only acetate, but also propionate and butyrate.
As far as SMP acumulation is concerned, the results presented in Fig. 4C show that a very good fit was obtained for the model output and the experimental data, indicating that the adopted values for the parameters k 1 , k 2 , q uap and q bap , which are very sensitive, are in the right range. In a first simulation, the value of k 1 (0.097 mgCOD smp /mgCOD substrate ) determined by Barker [23] was used, however, this value underestimated the concentration of SMP during the shock loads, and the value that best fitted the model output to the experimental data was 0.20 mgCOD smp /mgCOD substrate . This value is the same value adopted by de Silva and Rittmann [19, 20] , Urbain et al. [24] , Noguera et al. [3] , Furumai and Rittmann [25] , and Namkung and Rittmann [26] for aerobic systems, and is close to the value of 0.29 mgCOD smp /mgCOD substrate adopted by Kuo et al. [2] when modelling SMP formation in anaerobic systems.
Nevertheless, by adopting either k 1 values, the increase in SMP over the glucose spike would be mainly due to the formation of UAP, since its formation was proportional to the rate of substrate utilization. This seems to agree with the experimental results presented in Aquino and Stuckey [21] which showed that the concentration of DNA was constant throughout the experiment, indicating that cell lysis was not enhanced during the organic shock load.
Since, in this model, the rate of EPS formation is more related to the biomass concentration than to substrate degradation, the amount of bound EPS did not increase significantly over the glucose spike. One simulation was made by assuming that EPS is a growth-associated product, hence considering the formation of EPS to be proportional to the rate of substrate utilization.
In such a scenario the concentration of bound EPS reached the staggering figure of 6200 mgEPS COD /L in the first 3 h after the glucose spike was made, and then decreased to normal levels after another 3 h. If bound EPS is modelled with a biomassassociated term, like in the model proposed here, EPS formation is equivalent to a 'decay' mechanism, which means that a very high rate of EPS formation would require a high concentration of biomass.
Laspidou and Rittmann [5, 6] opted for modelling EPS as a growth-associated product because there was experimental evidence in the literature suggesting that a large accumulation of EPS was possible even when the biomass accumulation was low. However, this is a controversial issue since there are other researchers, also quoted by Laspidou and Rittmann [5, 6] , who showed that EPS did not increase in periods of higher substrate utilization.
The results presented in Aquino and Stuckey [21] and reproduced in Fig. 4 show that EPS production before and after the glucose spike was not statistically different. Although we did not measure EPS production in the first 6 h after the glucose spike, the concentration of 6200 mgEPS COD /L seems to be unrealistically high since it is three times the amount of biomass present in the system just before the spike was made.
Hydraulic shock load
The hydraulic shock load was simulated by changing the 14 to day 20 and then set back to the original value, reproducing the experimental conditions presented in Aquino and Stuckey [21] . According to the model the reduction of HRT resulted in an increase in the concentration of original substrate (Fig. 5A) , however, the experimental data shows that no glucose was detected in the effluent throughout the experiment. Although the model overestimated the glucose degradation during the glucose spike, the contrary was observed when the HRT was reduced. As discussed before, the model parameters were set so that the output could represent steady-state data, mainly for SMP accumulation. The discrepancies observed during the transient conditions may indicate metabolism shift or some kind of biomass limitation during the stressful conditions caused by the shock loads. Fig. 5B shows that a relatively good fit was obtained for VFA accumulation. As discussed before, the model seemed to overestimate the degradation of VFA after the glucose spike, however, during the hydraulic shock load simulation the predicted VFA concentration was actually higher than measured data, especially during the period the HRT was 3 h. As discussed in Aquino and Stuckey [21] , during shock loads there is a shift in glucose metabolism leading to a significant accumulation of propionate and butyrate, and this is not accounted for in the model proposed here. More advanced models, that incorporate the concept of population dynamics and microbial diversity, need to be develop, and molecular biology techniques are, for sure, valuable tools that could be used regarding this issue.
According to the model the SMP concentration should increase from ∼290 mg/L to 470 mg/L after the HRT was changed from 15 d to 7.5 d, and such an increase would be mainly due to UAP formation because of the higher substrate utilization rates resulting from the increase in the feed flow. As discussed in Aquino and Stuckey [21] , there was no statistically significant difference between the production of SMP at 15 d and 7.5 d HRT, but Fig. 5C shows that a further decrease in the HRT to 3 d resulted in a significant increase in SMP production, and this correlated well with the experimental data. According to the model such an increase would be mainly due to the formation of UAP, since the concentration of BAP would actually decrease because of biomass washout.
As discussed in Aquino and Stuckey [21] , the profile of total DNA in the bulk solution intriguingly suggested an increase in cell lysis during the period when the HRT was 3 d. If cell lysis did occur, then the accumulation of BAP might have been more important than the model suggests. It is important to point out that the model proposed here is similar to that proposed by Laspidou and Rittmann [5, 6] and by Barker and Stuckey [4] in the sense that it does not account for the enhanced accumulation of SMP observed during stressful conditions. The model proposed here assumes that the biomass has ideal conditions in terms of nutrients, pH and other growth conditions to metabolise the substrate, so that any SMP production resulting from stressful conditions (low pHs, nutrient deficiency or the presence of toxic compounds), would not be accounted for. It is not straightforward to correlate an eventual induced production of SMP or EPS with non-ideal environmental conditions, or with the concentration of stressing agents, and new models that address these issues need to be developed and tested accordingly.
As far as the biomass and bound EPS concentration are concerned, the model output was not well correlated with experimental data. According to the model the reduction of the HRT from 15 d to 3 d should lead to a great biomass loss due to washout, and this would obviously cause a steady decrease in bound EPS. Fig. 5 (D and E) shows that biomass loss was actually lower than predicted in this may indicate that biomass yield (Y) is actually higher than the value adopted in this model. Fig. 6 summarizes what was discussed in the previous sections and shows the distribution of SMP during the shock loads. It can be seen that during both shock loads, most of SMP should be due to UAP resulting from the increased organic load and substrate metabolism. The amount of BAP should be important only at steady-state conditions, and the soluble EPS should account for no more than 5% of the SMP during all conditions simulated. In contrast to the unified theory proposed by Laspidou and Rittmann [5, 6] , the production and hydrolysis of EPS did not dictate SMP accumulation, and this agrees with chromatographic results [7] which showed that EPS hydrolysates do not accumulate in well operated systems. Nevertheless, new experiments need to be devised in order to determine the rate of EPS hydrolysis, and to accurately determine the contribution of soluble EPS to SMP.
Conclusion
While the model proposed here is a gross simplification of the anaerobic digestion process, it is an improvement on the model proposed by Barker and Stuckey [4] , since it takes into account the production of EPS as part of SMP, as well as allowing for the quantification of the soluble and insoluble species during transient conditions. Although some aspects of the complex anaerobic sequential process had to be ignored, and assumptions made, the model satisfactorily predicted typical steady-state conditions, and for many variables it described well the transient conditions during organic and hydraulic shock loads.
In general the simulations resulted in a satisfactory representation of the data presented in Aquino and Stuckey [21] , and predicted that at steady-state the majority of the residual COD is indeed due to SMP. Under such conditions UAP should comprise ∼58% of the SMP, whilst soluble EPS should represent ∼7% of BAP. Because of their slow degradation rates, BAP should be important only at steady-state, while UAP should determine the SMP production when the rate of substrate degradation is high, as observed during the transient conditions under organic and hydraulic shock loads.
The mathematical model presented here was useful to quantify the relationships between different soluble species, i.e. original substrate, intermediate VFAs, SMP and soluble EPS during steady-state and transient conditions. In addition, it may serve as a basis for the further development of more complex models. For instance, it would be desirable to be able to develop mathematical models to account for the enhanced accumulation of SMP observed during both stressful conditions (nutrient deficiency, toxicity, osmotic shocks), and also in reactors with a high accumulation of biomass, such as membrane bioreactors (MBR s), blanket sludge reactors (UASB) and baffled reactors (ABR), where the SRT is much greater than the HRT.
